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A double field mill is described whichv when placed
at a point above the earth's surface, is automatically
brought to the potential of that point and registers the
potential and the potential gradient. Two such instru-
ments are employed to studv space charge vilues in the
first five metres of the atmosphere.

Results in fine weather Indicate values of the order
of -560 /m3 close to the ground and values around zero
fc 1-3 metres; the height to Which the negative charge
extends depends upon the potential gradient and. this agrees
with the view that it is caused by ionization from radio-
active substances in the surface layers of the earth.

Comparison with results for space oharge using an
- O bolensky-typd filter show good agreement, except when

small ions are present in large numbers.

Results in light or moderate rain show that little,
if any, space charge is produced. In heavy rain ther9
appears to be formed a space charge of around -1000 W , .

In snowfall, spa e charges of both signs are found :)f
about 1500 pL/m .
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In this work, the ratiouslizod MMX system of units

is used throughout. The figures used were originally
prepared and numbered for another purpose, and some of
those figures "tere not required here. To avoid
re-numbering Fnd re-drawing, there will be found sme
gaps in the rumbering.

The symbols v., s. c. and 11 are used for volts,
ampere , coulombs and ohms, while k, Me denote O1fl
and 100 l . The symbol j. refers to lO6and wA to 10-12.

The research reported in this document was made
possible and was sponsored by the Geophysics Researich
Directorate of the Air Force Cambridge Reseer--h Center#
AIR RESEARCH AND DEVEL0PME0T CUIWAI:D., UNITED STATES
AIR FORCE under Contraot No. AV 61 0 10f)891.

Thanks are due to fence-workers in the Atmospheric
Electricity Group at Durham, Meters,, M.W. Ramsey 1.8c.
and J.W. Milner, B.8c., In psrticula. also to te
following Technicians, Mr. C. bclean and r. M. Binks,
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r 1IoOlti n hwhei omeprogrs ca.

of the term "space charge" is meeut the excess of charge ;- "
o oest ign avome the atmosphere. he are o-:"p~roblems n atmospheric electricity in whioh scone progres can

e made by investigation of the space charge present in the
lowest levels of the atmosphere.

If the lower atmosph-ere boha-zes as a nuvi. which ts
uniformly ionizodl, theo there afould be evident an "electrode
effeot" LLJe para. 2,3J and this gives rise to a space charge
in the lowest levels of the atmosphere. Bowever, this is
normally not found and it seem that- measurment of the space
chdrges present mey help to solve the problem.

In continuous rain the votential gradient is usually
found to be negative nd it ha. been oaggested that this ar.ses
from negoeive charge produced b; thet splashing of the rain at
the earth a surface. Ihvestigation of the spee aarge near
the ground during rein can assist In aseesleg the merits of
this theory*
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V.," Charged bodies in the atmosphere masy consist of small """ ions, large ions, smoke or dust particles, mist or 09Sg

droplets or precipitation particles. A space charge existswhen there is an excess of positive charges on these bodies
over negative charges or vice versa; although it ay lappenthat some of the bodies enumerated above may be absent, itis often not possible to ascertain that the space charge i-
concerned only with. cne class.

It is possible to divide apace charges into two generalclasses; the first, which we shall term primary space charge,concerns space charges which are produced by some natural orartificial process at some distance from the place of observe-tion and which are then transported to this place; a simple
example is the charge on precipitation particles, whileanother is sen in charge clouds produced by industrialprocesses, On the other hand, what we can term secondar7
space charge consists of large and small ions, for which anexcess of one sign arises from. the processes of conduction inan examgle is seen in the electrode effect. Toe*certain extent, e secondary space charges reside on ionsand the primary spane charges on larger particles but thisis ".y no means invoriably true,

22 elatio en Sw ace Charze. Potential Ore I
and condu tvyg.

Ws can define a "quasi-statio" state in the atmosphere,
such that an instantnneous picture or the electr-,c chargesin the atmosphere would always be the same, althrigh theactual chc.rges may be moving. If we consider th- atmos-phere to te, electric.lly, horizontally stratifiel, then theconduction current must be vertical and in a quas, -statio
state the current density must be the some at all levels.

If I Is the current density, F the potential gradient
"nd) the conductivity, then :

I - XF"

Thus, if N alters with the level, it followo ihat F
must also alter.

Now, Poisson's law gives 2
P co0 dF/-

whore p is th space charge density.
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Therefore a difference of conductivity at different
levels gives rise to a space charge, which is what we have
defined as a secondary spaoe charge.

Considering the resistivity r 1A^, then Q-
- 1W : r .

I ° ql - idw , ,f I; r

0

Integrating, there to a charge q per unit crose-sectioal
area between two levels where the resistivities are r, end r2.. such that i

q =- ..4o tWi W

or q = -4 £1A t -1/ 23

23,_ The Electrode Effect.

If a volume of air is ionized uniformly and then subjected
to an electric field between two electrodes, it would, at first
sight, be expected that the potential gradient between the
electrodes yould be and remain uniform. However, this is not
so, and in fact the potential gradient becomes non-uniform with,
in correspondence, a space charge.

If we consider a region close to one electrode, say the
negative electrode, then in conditions of uniform ionization
and uniform potential gradient, there will be a current of °

positive ions into the region from the direction of the
positive electrode and an equal current of positive ions out
or this region into the negative electrode; at the same time,
there will be a current of negative ions from the region
towards the positive electrode, but there can be no corres-
ponding current of negative ions into the region unless there
is a source of negative ions at the negative electrode. In
the absence of such a source, there must be more negative ions
leaving the revion than entering it, thus giving the region a
positive space charge and rendering the potential gradient non-
uniform. The positive space charge builds up until the non-
uniformity of the potential gradient becoes su-h that the
difference of the positive ion currents from and to the region
becomes equal to the negative ion current from the region#
a. 'er which the space charge in the region, and the values of
the potential gradients at different placer remain constant.

Ir
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This space charge and non-uniform potential gradient Is
termed the "electrode effect" end has been identified in
laboratory measurements. The exact amount of space charge
and the change in potential gradient from the electrode to
a point well away can be calculated if suitable assumptions
are made in regard to the rate of production of ions and the
interactions of small ions, large ion3 and uncharged nuclei*

If the idea of the electrode effect in applied to
conditions in the atmosphere, with the earth as the negative
electrode calculations made with somewhat different ass1n-
tions by &chweidler (1908), Behacker 1910), Swmnn (1913u)'
and Scholtz (1931) all show that the potential gradient at
I m should be nbout 30-per cent less ihan at ground level,
with a corresponding positive space charge in the lowest metro
of the air.

All Measurements under normal conditions have shown that
there is certainly not thib'difference of potential gradient
nor the spnce charge pred'cted: *Therefore the electrode
effect in its sinole form is not manifested in the lowest
levels of the atmosphere: Hoivev3r, it is necessary to point
out that one would expect the electrode effect to appear, as
calculated, only if the conditions are completely unisturbed.
and there may be some doubt whether previousi measurements do
satisfy this condition as closely as might be desired*
Hitherto it has not been poss .blc to measure, directlyt the
potential gradiera' above the earth's surface, and measure-
ments of the potential by radioactive collectors introduceextra ionization. Further. any apparatus for direct massment of space charge must aiso disturb the natu.,al conditions.

We can conider the !iectrode effect in terms of the
considerations c.' par. 2.2. If no Ions can reach thelowest regions of the atnosphere from the ground the cownu-

tivity there must be less thnn higher up and so there must be
a spacec charge ",hich is positive,

The electrode etffect, as calculeted, involves the
assumption th. the tAir is at rest; it has therefore been
suggested that the =' son that the electrode effect is not
observed is that it is ob3cure(- by motion of the air. if
there is a space cli-rge nn; motion of the air transports this
upwards, then the ccnve tion current arising in this way must

be taken into account in discussing the quasi-static state.
Whipple 1932) made calculations on thir, basis, but the

-'I space charge and cthnge of potentiel redient required apj ar
to be greater than tas teen found by observations. The idea
of a space charge arising frcmn the electrode effect and
transported by 3onve tion has been revived by Kasemir (1956)iI
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in an attempt to account for the "sunrise-effect", and this
makes it even more desirable to investigate the space charge
in the undisturbed lowest regions of the atmosphere.

- 2#5. Effect of Radioactivity.a

8ince the electrode effect corresponds to a decrease in
conductivity on approaching the earth's surface, this could
be counteracted bj some other process avin an increase of
conductivity near the surface. Hogg 1939) made the
suggestion that a- and A- radiation from radioactive sub-
stances in the earth's surface would provide just such an
increase in conductivity and Chalmers (1946) made some ol-
culations which showed how the absence of the electrode effect
could be explained on reasonable values of the rate of ioniza-
tion. Since the balancing of the electrode effect and the
radioactive effect cannot be exact at all levels, measurements
of space charge ca'. be of assistance in discovering how far
this explanation is tenable.

It should be emphasised that considerations of the
electrode effect are based on quasi-static conditions and so
can be applied to long-term averages and not to short-term
fluctuations of potential gradient and space chirge.

V
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CHAPTER !IT. S-1PAC)E CHAnRG! DrE~rRMINfATION

3.1. Methods of Keasure-ment of Sbece Charge.

Various methods hv-re been used to measure space charge
in the atmosphere near the amound; a. critical pummar has
recently been given by Vonne-ut and Moore (1958). The
methods can be conveniently civided into 3 main classes.

In the first type of method, the air to be investigated
Llows into an earthed cave and the potential at a point
inside the cage is measured. Care must be taken that the
cage shall not carry an induced charge which would attract
ions of one sign and x--pel those of cm osjte sign. This
method was first suggested b7 Kelvin (562) and was used
by Chauveau (1902) and, nore accur-tely, by Kghler (1927);
Uhler used a water drcpper to measure the potential at a
point inside the cage, while Vonne-gut and Moore (1958) used
v~rious methods, finally preferring a Polonium collector;
Muhleisen and Holl (1952), instead-of finding the potential
acquired by an insulated drcTer, measured the charges on
drops falling from an earthed dropper.

In the second type of method, the air is drawn through
a filter and the chorre trs;.ed by the filter is measured.
Again, care must be taken in .reg3rd to induced charges.
This method was use.d by Obolernsky (1925) and Brown (1930);
Kinman (1954) made careful ccmiarisons between apparatus of
this type and that of the ca'e type and found good agreement.
Vonnegut and Moore (195e) thc-ht that some space charge,
residing on larae ions, might not be trapped. Of rather
similar type to this method is a method of counting ions of
both signs and finding the lifference; a difficulty arises
here in regard to space charges on particles of low mobility.

The third type of method Involves the use of Poisson's
.Sw by measuring the vertical potentiel gradient at different
levels. Dai.nderer (1907, 1909) uzsed amps as potential
equalizers and placed them at heights of 0, i and 2 m,
measuring the potential diffe-ence- between them; "Norinder
(1921) and Screse (1935) used stretched wires with :ladioactive
collectors at their mid-,oint.s; "crindtr measured t:imultan-
eously the potentials acquired by wirts at different levels,
whereas Scrase measured the potential d.fferences between
2 wires I m apart at different mean heights.

Some results are given in Table I.

Most workers have given t?eir results in ES.U/cc. or O
•. E.S.U/m). To convert to M.K.S. units, I E.S.U = 3.'3 x i0

coulembs.3  The results will %&re be given in p/4 0,/ '
.- ,10- /m .3I

"4.



TABIE I .4

METHOD OBSERVER HEIGHT LOCATION TIME VALUE MEAN YEAR i  L.

Water Klihler Potsu.-. Nov.Jan. +0.67.+.58"92-dropper in Feb* +0,58 1922 -

F~raday Cage Jtunc,J1 +0.36
Aug. 1 yr.

'lame
collector Dounderer O-3m. Bad March-

Alibling Juno +0. 616

March -0.577 +0.115 1906Ju! '- .

NOV. +0.630 1 yr.

Wao~r Norindor 0-3m. UPso in Swiniu 00 191 8
dropper and Fixod Win or -0.20 -0.12 and
Radioective system Spring- 1919

" Collector Autumn -011 2 yr.

Rndioactivu 8crase -10n. xw Turbu-
colluctor lont

Air +0.02 +0.03 1924
still
Air 1+0.04 1 yr.

Filtr,.tion OboI- 1 m. Pavlosk Dec. -
Method onsky Fob +0. 051 1924

*July- 0.0037
Sept. -0,095 1 yr.

Piltrntion Brown 7.5m. Sn- Scpt.-
Authod Fr',n- Fub. +0.098 1 929

cisco U,rch- 40.083
Aug. +0.072 1 yr.

Ion Ebert - - - - .09
C .untEr

+
Ion Gockel - - - . l 9,7
4ounter

_I 1 yr.
._____- -C3
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3.2. Choice of Method. .

In order to be able to use a method of space charge y,
measurement for the purpose of investigating secondary .

space charge, as defined above (para. 2 1), it is necessary --

to avoid, as far as possible, any disturbance of the natural
electric state in the atmosphere. Apparatus of the cage or -,--
filtration type is bound to cause some disturbance of the .
electrical conditions, particularly if precautions are taken .---
to avoid effects of induced char.,ges, either by extra shield- ,
ing or by increasing the rate of air flow. Therefore it
seemed better tZo use the method involving Poisson's law;
this has the added advantage that it is simpler than for
the other methods to make measurements at different heights.

For measurements where it is essential not to disturb
natural conditions, there are grave disadvantages in using - "

radioactive collectors, as they produce extra., unwanted, ..

icnization in the region investignted. For this reason,
it seemed to be better to use the "field machine" type of
method of measuring potential gradients. As normal field
machines operate to mensur6 the potential gradient at groxind"
level, it was necessary to adapt the method to the measure- -
ment of potential gradient at points above around level IA
without disturbance of the electrical conditions. There is
a further advantage of the field machine method, namely that
it measures directly the potential gradient whereas radio-

*i active collectors measure only potentials.

-,;"3.3 .. , ... umerical Values._ C'---..,

The numerictl values obtained for the space charge ,i,
the lower ,tmosrnere have mostly been less than 0.1 ESU/M3- , .*..*,- -

- !';,-.,'.. .,-
Yor this value, "

dx -376
Since the normal value of the potential gradien . is of "

the order of 100 v./m., it will be necessary to measure
alterations of this, over I m of heivht, of a few per cent,

3-4. PrIncivle of the Double Field Machine.

Consider n thin conductina disk of area A jilaced with
its surfaces horizontal. If the disk carries no resultant
charge and is ploeed where there is a vertical potential 0 °
gradient, F, the upper ourface of the disk will carry a charge "- "

" -Q - -CoFA and the lower surface a charge Q.

• .kA " ".% ' . ' 5M .J°A-'

--- w * •.
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If, on the other hand, the disk Is situated In a
rearon with no external field and carries a total charge
of + 2q, then each surface carries a charge of + q,.

Electrostatic theory shows that, If the disk Is L
situated in a field and carries a resultant charge, then
it is -ossible to add the two results above. Thus the
upper surface carries a charge X Q - + q, and the lower
surface a charge Y = + Q + q. The measurement of Y - X
thus gives 2Q, irrespective of the value of q. This is
the principle of the method used by Gunn (1948), Gish and
Wait (1950) and others to obtain the potential gradient by
measurements with two field mills, symmetrically Fp'oed on
an aircraft, to obtain the potential gradient in a air.-

Although the measurement of T - X gives the value of
2Q and hence of F, whatever is the value of q there is
bound to be distortion of the field unless q is zero, end
this is bound to affect space chara-z. In order to avoid
distortion, X + Y = 2g must be made zero; if X + Y is
positive, there must be a reduction of q, i.e. a reduction
of the potential of the dirk, relative to earth, and
correspondingly an increase if X + Y is negative.

Provided thc sip'n of F is known, it is not necessary
to know the signs of X and Y. If F, and so Q, is poaitive,
then, when q is positive, whether greqter or less then ;,
both erms in Y are positive, while only one in X is, so
that Y > X and, even if X is neqative, IYI ) X[
similarly when q is nei'ative IXI > I Y| . so that the
potential of the disk, end thim q, can be regulated by the
relative values of JXI and IY( . On the other hand when 1.
and so Q, is negative, then with q positive 1XI > Iif and
with q nec-tive," IXf I .Y thus when F changes sign, the
direction of the change of regulating potential must also
change*

-° -'
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CHAPTER IV._ THE DOUBLE FIELD MILL

4.1. Desin Considerations.

It was decided to construct L sector-type field mill,
the theor of which has been worked out by Vapleson and
Whitlock (1955). Their mill had an accuracy of measurement
of potential gradient to t i v/m mver a ranve -75 to + 75 v/M
with a background noise equivalent to 12 v/n within a
frequency range 0.1 to 10 c/s, so that this seems to be very
suitable for the I-resent purpose.

Fig. 2a shows the shape of the rotating and fixed vanes,
-shown at A and B in Fig. 2b, giving the fundamental output
circit of the mill.

'Whitlock (1955) has shown that, on applying a potential
gradient P at time t 0, the output after an infinite time is:

2  2) .1 - - al

V.J 2 2 rl 1 11 eAV V- If/ 'wrc U

Where W i" the rate of revolution in radinna/seo and the other
quantities are seen in Fig. 2.

If ?/NwRo << I, and expanding the exponential terms,

'4.0

which is independent of small changes in w.

If the smallest potential gradient to be measured is IV/n,
and if 0.1 mV can be measured, then C must b less than
360 P4.

The output from the mill han high impedance and this has
to be matched to the low impedance of the cable to the amplifier
through a cathode follower. If the wrid current of the cuthode
follower valve is Ig, the D.C, voltage across the input resistor
is RIg. The valve used was a Vullard EF37a run at reduced
heater atl anode potentials; the grid current was measured
to be 10-a.

The capacitance of the stitor-rotor assembly and
connecting cables, C, was measured to be 60 pf and the
variation, AC, in this frw. exposed to screened position was
4 p4f. The variation in vane capacitance gives an A.C.
component of the same frequency as the signal, or magnitude

Vc ,- Ig
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This can be reduced by increasing C to 260 sz4, still
below the value given above as the maimum.

R fV i now to be 10% of V tori4 v/m, it turns out that

V w .4 x W10Pr -o77 xs.

To keep Nv I/RC, we must now makc w • 2900 r.p.m.

U~inlg a mot'i speed of IL.25 r.p.m., with pulleys of'
radii 7.2 and 3.42", the mili. speed is 3000 r.p.m. [

Inserting the final values,

V =1.4 x 0 -4 tFt - 7.7 x10 -2 ]

where the second term in the brackets is proportional to w2;
a 1% change in w gives only 0.17% change in V.

4 #-2. Mounting and Driving of the Mill.

Because the double field mill will be considerably heavier
and more bulky than the water droppers or radioactive collectors
used ty Norinder and Scrase, it will require a more rigid
supporting structure. In deciding what form the supports must
take, it must be borne in mind that a too massive structure will
probably distort the earth's field unduly and so destroy the
whole purpose of constructing the mills, namely, to measure
values of potential gradient without introducing distortion.

Two effects are likely to arise from the supports:

(E) Any conducting parts which are not at the potential
of their surroundings ill distort the field.

(2) Any Insulatin parts are likely to acquire charge
and must therefore be placed at such a distance from the mill
as not to influence the field there.

The effect of any object, naturpl or artificial, near a
potential-measuring device can be expressed as a "Reduction
Factor" for that 1 orticuler location and is given by:

RF , Measured value of the potential gradientValue over centre of l'ir.e conducting plane at same site

Benndorf (1906) considered reduction factors of various
objects and found that 9 verticel conducting post, one metre
in height, has less than 1% influence on the potential gradient,
one metre above ground, at a distance of 3 metres.

P, • -.N o ~-- - '
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of para. 3"4, this can be used to regulate q and hence the
mill potential, pruvided that the direction of motor drive
is reversed when P changes sign; or the polarity of the
slide potential can be reversed.

The outputs from the upper and lower plates are fed
through blocking condensers B to cathode follovers C, the
condensers isolatina "mill earth" from true earth. The
cathode follower outputs are fed from the outdcor apparatus
through coaxial cable to two atched amplifiers withi incorpora,'
rectifiers so as to give a positive polarity to both nutputs
With respect to earth. These ere fed to the two sides of the,'.
servo system.

The theory of par-. 3. shows that, when IQI >I th
resultant output is proportional to a and thp operhation as a
collector is satisfactory, But if IQ I < q, the resultant
output is proportional to Q and, if this is small, there may
not be enough power tc move the slide wire and a balance is noi.
obtained. These peculiar circumstances can be avoided if it 1%
is arranged that the mill potential alway starts at zero, so
that Y = O, q = -Q, and henceforth IQI > |q s

4.4. Time Constant of the Collector SYSt.,_m.

It is importent to find the response time of the servo-
motor to a sudden potential-gradlent change because the value
of this compared with the response time of the mill and

, amplifier circuit is the criterion as t, whether the servo-
motor will follow changes in potential gradient or will "hunt" ,-
and become instnble.

Let rl, r be the time constants of the balancing motor
system and of fhe mill output iircuit; then 11 > 2 is the
condition for stable r~sponse. The relevant components of the
mill output circuit are shown in Fir. 7; C2 , R2 are the mill
output capacitor sand resistor respectively; CI is the blocking.-
capacitor B (Fig. 6); R1 is the input resistor of the cathode
follower C (Fg. 6); S is the potentiometer slide of resistance*k R ohms.

The case to be considered is the behaviour of the circuit
when subject to a sudden chnn-e in potential gradient, tut this-.
may equally well be token as the cise when a step-voltage is
applied to the mill; in fact, see para. 5"3, this is more
closely the actual case.

Assuming zvro initial conditions and solving the problem
of the circuit by use of Laplace transformations, it Is found

3 "that

2 RC1 + 220.+ RXC
1 2 2*hn4
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The capacitnnce of the mill-girder system to earth is
small, so, in order to increase this, and so to make T C
large, a 20 pf capacitor is placed between the slide ald
earth [C in Fig. 71.

The whole slide wire has a resistance of I V, divided

ted into 100 parts; if only i section, of resistance 101 is used,
r1 = 1/ 5 see.

• 2RR1 R2C10 2  -Thus, for stabilityRC 2

stability, 21 C. C 2 2 5

or I - 10
R2 02  + 1 2

If 0 260 W4f and R2 =108 ohmWs, R- a 38.5, so that

the condiion holds whatever the values oi R and C. Actual
values chosen were R= 1 and C, = 10-3pf; this lst value

gives Ct a small impedance at the mill frequency, compared with

12*

,. " R2°

N.;

*.......
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CHAPTER V. APPARATIS AND EWERrENTAL PERFORMANCE

5.1. Field Min.

The constructional details of the double field mill can
be seen clearlg from Fig. 8. The drive is transmitted from
the horizontal 1/4" silver steel shaft to the similar vertical

vane shaft by means of a 1:1 ratio bevel gear. This gear is
situated inside on old electric motor casing which also serves
to house the vane shaft. Hm:nted on top of this casing is s
commutator system, by means of which it was hoped to provide a
method of sign discrimination of potential gradient; if the
amplified mill output is fed back to this system, it will give
a rectified output of polarity dependent on the sign of
potential gradient; however this system was finally not
er.ploycd because of unavoidable brush jumping at the high rote
of revolution used.

The rotary vanes, identital with the fixed collecting
plates, are constructed rr= V*6" stainless steel sheet and
mounted at eitherv end of the vane shaft. The collecting plates
lie flush with the case of the mill to avoid field distortion and
are mounted 6 mm. below the rotating vanes on four highly
polished polystyrene insulators.

The whole structure is bolted r S idly to a brass frame,
covered with sheet aluminium, into "ihich are fixed two coaxial
"Pye" sockets connected to the upper and lower collec;ing plates.
When assembled, the mill has horizontal dimensions o,' 22 x 22 cm,
with 20 cm between the rotating vanes.

Connection is made between the mill andvjunction box",
situated at the end of the mill-supporting girder, usLng
Uniradio "Telcon" low capacitance PVC insulated coaxial cable.
The sheath of this cble is "earthed" to the mill and girder
assembly, at the potential of the mill. The "Junction box"
is the terminatingr poiot of the mi I1 potentia and ccntains the
rill cordenser C nd resistor R Laee Fig. 7; the cable
capccitonce is i parllel with a2 and so-must be kept as low as
possible; this value is included In the 60 14f quoted in
para. A4-1.

The mill outputs are then taken throwh the blockin.
condensers Ci, which are TCC "Cathodrry" "Visconol" condensers
having a DC working voltage of 6 kV ond a capacitance of
0.001 pf; from the "earthy" aide of the junction box, the mill
outputs are fed ic the cathode followers through Radiospares
"BIyire" co~txiol cabla, with earthed sheath; similar cable
is also ed to convey the mill-belancing potential to the
mill gi-.

.4
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Across each condenser C is connected a small 20 jit
trimmer for the purpose of nWtcrhing the upper and lower plate

*outputs. Th',3 is necessary for two reasons:

(1) it is essential that the girder is brought to the
potential. of its surroundings, but any &symmetry in the
positions of the collecting plates ' ith respect to a horizontal.

-: plane throurh the wirder, would cause the two outputs to differ
when the mill potential is correct; the trimmers car put this

* right;

(2) althouvh the nominal value of C2 is 200 W4f,. there*
may be as much as %4error in this value and also the connecting
cables may differ slig'htly in capacitance*

A further reason for the outputs differing, when the girder
potential is correct, moy be that the surfaces of the collecting
plates and rotors may differ from one pair to the other, giving
different outputs from co'ntact potentials. The use of polished
stsinless steel reduces this effect, but Whitlock (1955) found
that it might be equivalent to a potentiAl gradient of ±10i v/rn.

5-2. -Cathode Followers. Amplifiers -and Power- Supplies.

We have already discussed [para. 4.1] the need for cathode
followers to match the hioh mill output impedance to the low
impedance of the ccbles conntucting the mill and the amplifier,
-nd to isolate this hii'h cable capcitance from the necessarily
low mill ccppcit~nce. The circuit is shown in Pig. 9; two
identical units were constructed, sealed in waterproof boxes and
mounted half-way up the supportinz posts; this position decreases

* - the ma ximum lenwth of the cable between the junction box and the
cathode follower and allows the mIll to be moved to its hi.-hest
and lowest positions [see Fig. 1 9J.

The cathode followers a~ere tested for :quality of response
bet'veen input valurcs of 0 - 10 v. ct the mill frequency of
200 c.p.s. nnd were found to be equal to within 1% ~vith a s tr.
main of 0.71.

Fig. 1I sho~'a the circuit din-r'mP of the pot'enti~l-V-.qddcflt
amlifir-r used. This amplifier erm;loys ne.-otive feedback over
both stazres to .-Ive added stability ind to ro:nder the overall

* amplificstion fcactor independent ef vari~stion in the supply
voltares, chanves in the v,31ues of circuit comrponents With
temperature or ti.ie and -3ltrE-tion of' thr. v.alve cha)racteris tics
with erging. An input selector is3 plece.1 across the secondary
of th~ inplit tronsformer riving irr~it frgetions of 1, Y2, Y51
Yio0, Y0 a nd Yioo0.
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The fraction, 0, of -,w output voltage fed back is
given by:

1 2

If A is the amplification without feedback, the the
voltage amplification, A., with feedback is

3, At - AP3 I' YAP

If AO >>i, then A - and is independent of the

amplifier characteristlics.

In the present case, the amplification of the first stage

is 176 and of the second stage 140, R1 is 3 6 o5k, and R Is ik

.. A , 24,6140 and 0 137,5, so that AP>:04 and AF n -37"5.

The amplifier waa tested at mill frequency uing the
' "I" value for the input selector, ind showed a linear response

up to I volt input with an amplification of 86-3, showing a
ratio of 2"3:1 for the input transformer.

A second similar amplifier was built and tested, and was
made to have an identical response by adjusting R1 slightly.
The amplifiers were built onto a common 10" x 17I auralumin
panel, so that all the electronic gear could be mounted in a
standard rack, thus being easily accessible. The two input
selector switches were "ganged" to the same control to avoid
the possibi2ity that they might be left at different positions.

The power supply was stabilized at 350 volts, using Neon
sram STV 280/40 Stabilivolt" tubes and supplied a total of r

four amplifiers, two to each double mill. A subsidiary
tapping from the same supply gave a voltage frc- 0 to 140 volts
for the cathode follower. Investigation of the output at
varying load currents showed a variation of only 0-8 volts
with currents up to 33 ma, though above this value the output
falls off rapidly; in use, the total current is onl about
28 =a, so the power supply is cperated within the regulatedlimits,

Because of the high output impedance of the amplifiers,
it was thought necessary to feed the amplified outputs into
the following stages through cathode followers. For this
purpose, it is not necessary to run the valve at reduced heater
and anode potentials, because tl'c val-e of the rid current is
not important here. The circuit diagram is sh-rn in Fig. 13;
the valve3 used are Mullard EF 37A, with a 500a1 potentiometer
between the two cathode resistors to provide an adjustment to
the relative magnitudes of the two outputs, in 91dition tQ the
trimmer condensers in the mill output circuits Lars. 5'.lJ.
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Thus all adjustments to make the amplifier responses equal
can be made with this 500 A potentiometer.

After rectification with a Germanium diole rectifier 0D3,
the upper and lower plate outputs are fed, in opposition, to
the servo-motor and in addition the upper plate output is taken
through a high resistance recording galvanometer to earth for
the purpose of recording the potential gradient. The

* resistance of the galvanometer is sufficiently high so as not
to upset the balance of the outputs.

A subsidiary monitoring circuit is incorporated in the
cathode follower stage to provide a visual check of potential.
gradient values; this may be switched into either upper or
lower plate output, or removed from the circuit when recording.

* A test of the amplifier and cathode tollower was made and showed K
an overall amplification of 22.6; comparison with the value
of 86.3 for the amplifier alone shows a considerable loss through
the cathode follower and rectifier stages. The response tails

. off for inputs below 7 --V using the value "I" of the input
selector, indicating that the rectifier has a non-linear oherac-
teristic in this region; the mill-amplifier system therefore
needs to be calibrated.

:. It is convenient at this point to calculate the expected
* magnitude of the rectified output in terms of the potential

grdient.

* Prom the equation of pars. 4.1,
V = P x 1.4 x 10-4'[1 - 7.7 X 10-2 ] volts;

the stage rain of the mill cathode follower is 0.71 and of the
whole amplifier 22.6. Assuming no loss in the mill blocking
condenser and in the cables, the final result is

V = 2.07 x 103 p volts
i.e. a potential gradient of i v/m should give a final output
of 2 m.

... To investigate the behaviour of the system under balancing
- . conditions, two horizontal aluminium plates I i.. square were set

up 56 cm. apart. The mill was placed with its centre 23 cm.
above the lower plate and the lower plate earthed. Tn&e upper
plate was given a potential of -50 volts and the mill -20.5 volts,
the correct value for its position; the 500 ohm potentiometer t"

was then adjusted until the .tv o outputs from the mill were
equal. Then different potentials were alplied to the upper
plate varying between + 500 v, and the corresponding mill poten-
tial found, so that the two outputs became equal.

The results in Fig, 16 showed a good straight line, except
for the value for -50 volts, so that the potentiometer setting
was incorrect; this deviation may have been caused by charges
on the mill driving belt. In consequence of this, the slope
of Fig. 16 is 0.25 and not the theoretical value of 0-41.
However, it is clear that the double mill does function as deslre-

-i F - : . . : ' . . . : . . , , , !
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It was also found that the sensitivity of the whole system
is 2.0 mv per v/m as predicted and falls off at low

potential Eadints.

For space-charge measurements, a second field mill is
required, and, as the commutator system had been aba,,coned,
the second mill was constructed without this, allowing the
overall heiaht to be reduced to 14 cm. The vane shaft and
driving shaft were mounted in a duralumin rectangular blocu,
cast for the purpose and making a rester job than the motor
casing used in the first mill. Apart from thia, the
equipment for the second mill was identical with that f..r
the first.

5.3. Potential-Bsancing Servo-Mechanism.

The instruments used for the purpose are Honeywell-Brown
"Continuous Balance" Electronic Chart Recorders; the original

* use of these instruments was to balance a standard potential
placed across a slide-wire against the voltage generated by a

* thermo-couple and thus to measure a temperature. The
difference between the slide potential and the thermo-couple
potential in an unbalanced position is fed into a two-stage
D.C. amplifier end *hen actuates the motor driving the slide
to a balance position, this position being registered on a
moving chart by a pen attached to the slide. The sensitivity
of the amplifier may be varied, the motor responding to a
minimum change in input of 0.03 mV at maximum s-nsitivity.

". •...The time of travel of the slide from zero to full-sale Position

is 12 sec. and the chart speed may be varied from 30 to
120 in./hr.

For the present purpose, the instrument was modified by
removing the existing slide wire and circuit and replacing it
with a slide wire of resistance I M. This consisted of a
row of 8 BA bolts screwed into a Tufnol board having the same
dimensions ss the original assembly, with the slide running over
the heads of the bolts. To the reve' e side of the bolts were
soldered 100 10 k resistors; the zero tnd of this chain was
connected permanently to Pirth and ;he other end, through a
reversing switch, to a 600 volt source of 5 HT batteries.
The batteries were considered pr-f'rsb.e to a power pack
running fr-. the m ains, because of the difficulty of smoothing
the letter sufficiently; a I volt ripple at 100 volts would
give an output equivalent to an alternating field of I v./M.

The slide contacts are insulated from the rest of the
instrument, one slidinr alcng the bolt heads and the other
along a "collector" Wire placed parallel to the resistance
contacts. Fig. 18 shows a schematic diagram of the balancing
system. The RC circuit across the input is reco- nended by tfie
manufacturers to render the instrument slightly overdamped;
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t.hout components Rand the motor oscl ao

- the balance point with an amplitude of approximately 4 of
':" the full scale deflection, with a perfectly steady input ad
i the amplifier at maximum sensitivity* '-

a)..

Becaus hrec es r has not a uniform variation ao

resistance along its length, since it is composed of 10 k steps,
the voltage supplied to the mill varies in steps of 6 volts
from one contact to the next. This is why the theory In

* :para. 4.4 was worked out for a step voltage applied to the mill
and not for a sudder change of potential gradient. Anotber
effect of this discontinuity in the slide wire is to reduce the
accuracy with which the voltage is fed to the mill. Investigat-
ing the accuracy with which the servo-mechanisirs wnll follow a
change in potential gradient, it can be shown that if the effect
of the 20 pf smoothing condenser (M~g. 18 and pars. 4o4)18
neglected, with the mill at I m. height and a potential grmdient
of 1.00 v/i changing at the rate of I v/m per minute, the - "
greatest divergence from the true potential is only 1 4%.
Taking into account the effect of the 20 Af condenser, which in
combination with the slide wire gives a time constant of 20 sees.,
then the error introduced for this rate of change is less then
1.0,. The faster the chavge in potential gradient, the lower
is the error and as most changes occur faster than the rate
given above, 1% represents a fair value of the "tracking erro".

• .,5.* Recording Galvonometer and Time Synchronization. -

The Brown Recorders give the potentials of the two mlls,-
registered on their respective charts. For the purpose of
recording the potential gradient the output from the upper
plate of each mill is taken to a .galvanometer. ,

The galvanometers used were Tinitley moving coil suspension
galvanometers, type 4500/10 f, having a perioaic time of 2 sec.
and a sensitivity of 1500 er/pA at 1 metre. The coil resistance
is 45 11 and critical damping needs a shunt resistance of 12 k.
Three series resistors were used to give suitable sensitivities
with the."1" value of the amplifier input selector.

Trial measurements showed that including the Brown Recorder
in the circuit reduced the estimated output (para. 5.2) from
2 my to I my per v/ip. ThQ full width of the recording paper'
used in the camera 1240 mnr a avuilable because the output I F.
always positive with respt to earth, so a current of 0.16 ju a
Is needed to give full scale deflection. Using resistor
values of 1 5, 0.68 and 0.22 M , full scale deflection is
cbtained with 240, 109 and 35 v/m, corresponding to sensitivlties
of I, 2.3 and 6-8 mm per v/m respectively; these will be
refe, red to as "Low", "Ledium" and "High. sensitivities.

P
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From the sensitivities just calculated, and using also.
the various settings of the input selector, a range of

.- 24 ,OOO v/m would be covered. Howtver, there are practical -
.limits set by the maximum slide potential available in '-. K

,."combination with the height of the mill. With 600 volts n.
-'the slide wire, the limits are + 1 200 v/m at a height of Y2 m
.:but only 1 100 v/m at a height of m m. .. ;

The camera used for recording purposes was made in the .
"laboratory workshops. It was equipped to take a 100 ft. roll .

of 240 mm. width recording paper and driven by a geared down
motor powered from the mains, giving a paper speed of 30"/hr"

In addition to the two Tinsley galvano.,9ters. a third
galvanometer was connected to the agrimeter (Chalmers, 1953!--
giving a useful check on potential g'adient values at the
earthfa Sul-face,

-. Since recording was being done on photographic paper,
a metbod of obtaining zeroes was needed, and also time marks .--
are needet both on the pbotographic record and on the Brown
recorders. A 50-volt, Y2-minute pulse every 5 minutes was
available for thin purpose. This pulse operated a Post Office a
5,000 type relay, with its contacts arranged. so that the upper
output from each amplifier was earthed for Y2 minute every
5 minutes, thus bringing the potential gradient galvanometers

, to zero and so allowinw a zero line to be drawn on the photo-
graphic record. In addition, the Brown recorders see this
earthig of the upper outputs as a decrease in potential5 gradient which they attempt to follow; consequently the slide o--*.
moves down to zero mill potential, qiving time marks on the

- Brown charts. This operation, occurring every 5 minutes, also
fulfils the condition stated in pora. 5.2, that the mill must
start from zero potential when potential gradients are small.

The Brown Recorder chorts are graduated laterally InI,,divisions, enabling readings to be made at 40 see. intervals "'"

Wth a chart speed of 30"/hr, and lonvitudinally into 100
divisions; this would allow a reading to be taken to YiO
divisin,, i.e. 0.6 volts. For ease of reading off values
from. the photographic trace, a m. scale is inscribed on the -
camera lens, its "shadow" being recorded. on the piper by meins "
of a fogging lamp, 1laced as near as possible to the
galvanometers. This lamp was connected to its supply through "
a second relay worked bY the 5-minute interval pulse; this 0
causied the lamp to be switched off at the same time as the -
galvanomete-s are zeroed, leaving a white line across the papv. .
Later, a subsidiaryr timing circuit was introduced vhch
interrupted the foging lamp supply for 2 sec. every Y2 minute, "r'""

• giving greater ense of time measuremest.-

The agrimeter gives both positive and negative deflections
and so was zeroed at approximately the centre of the camera
scale. It was equipped with -its own zeroing and calibrating ,

*: device; the galvanometer hss three sensitivity values: 0"125, *
" 0.0305 and 0.00585 am. per v/m giving full scale deflection ,r,.

120 u) for 960, 4000 and 20,000 v/r.

<~~I..,. .
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CHAPTER V, ION AND-BEIIAV70UR OF THE COLLECTORS

6'1, The Site and 2rection of the Avvaratus.

Unfortunately, no choice could be exercised in siting the
apparatus, the only site available being that shown in Fig. 20.As can be seen from this diagram, the site is screened on the

eastern side by a single line of trees, on the north by
laboratory buildings and on the southern side by b ,iler house

behind which is a large wood. The ground slores quite steeply

upwards beyond the southern fence (shown by a solid line) and,
because of this, no direct southerly winds could reach the

apparatus. To the west and east the landscape mainly consists

* of open meadows and to the north lies the major part of Durham
City.

The plot itself slopes gently downwards from south to north#
as may be seen from Fig. 19. The mill-supporting posts were

erected vertically, and the method employed to fix the Tufnol

bars, supporting thc mill. girders, to these posts necessitated
holes being drilled through the posts to take metal pins securing

the bars in position; this arranzement can be seen in Fig. Z&.
The positioning of these holes was such that the mill girder was
as nearly parallel to the ground as possible, and were drillcd
at an angle to the horizontal so that a couple was applied at

each end of the girder, tending to turn the mill in an upward

direction. This reduced the sag of the girder from 45 cm. in
a natural hanging position, to 15 cm. measured vertically at the

mill from a line joining the ends of the girders. This
"counter couple", although reducing the distortion of the earth -

vertical field due to the mill girder not being in an equipoten-

tial plane, rendered the operation of raising or lowering the

mills extremely difficu t and although provision was qade for
nltcrinq the height in V2 m. steps from 12 m, up to 5Y2 M,
recordings were made only at I m, 3 m and 5 m.

As mentioned in para. 5.2, trouble was encountered with

the plastic drivini: belt pickinv up charges and giving an

undesirable effect. Thia wia eliminated by totally enclosing
the mill pulley and the belt for a distance of I m from the mill

in an aluminium case. Trouble was alzo encountered in connec-

tion with the switching on of the driving motor; this gained
itR running speed very quickly, and ao there was a considerable

stretching of the driving belt, which wou~d often fly off the

pulleys. This difficulty was overcome by including a "Varic"

in the motor power tup~ly, slowly turning it up to the maximum

voltoge, thus starting the motor less rapidly, with less strain

on the driving belt.*

An, alteration in the height of the mill would entail a

fresh driving belt frcxr, the motor, which was situated on the
ground. To avoid this, a pair of rails was fixed firmly to
the ground, parallel to the mill girders, from the foot of the
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posts to a distance of 2 m outside them; the motor could then
be moved along the raile when the mill height was altered until
the belt became sufficiently tight.

The space charge effects that may be obtained due to the
location of the site depend upon wind direction; effects of
potential gradient and of disturbances due to precipitation will
not be considered yet. With westerly winds, short bursts of
space charge may pass over the site from passing locomotives,

, the railway being about i1W4 miles away; this effect was
* inoticed by Whitlock (1955) in potential-gradient measurements.

Also vehicles passing along a road 400 yards away might give
space charge effects, but these might be of too short duration
to be detected, With northerly winds, the observed space
charge may again be artificial, this time due to smoke coming
from domestic fires in Durham City; this would probably
blanket out any effects due to traffic on a road 300 yards to
the north. With winds from the east and south, no peculiarities
should be expected until the potential gradient reaches values
sufficient for point discharge to occur at the trees'Lprobably
about 800 v./m at the ground J; from the trees to the east it is
unlikely that point-discharge ions will travel to the region
between the field mills, but this may occur in connection with
the trees to the south.

On Fig. 20 cre also shown the position of the egrimeter at
a horizontal distance of 14 m, the rain current measuring instru-
ment RO at 13 m and an Obolensky-type filtration apparatus FA
at 5 m.

6.2. Field Operation.

For the purpose of performing an initial calibration,
setting the 500 ft ratio control and testing the accuracy of. the
mill potential set by the Brown Recordar, the plates used in the
laboratory tests wore set up around each mill in turn; the

* . lower, earthed plate was laid on the ground and the second
.late set up 76 cm. above this, with the mill in its nominal

i" position, i.e. at 35 cm., in the centre of the plates.
A varinble potential was ipplied to the upper plate and the
mill allowed to balance automatically; to ovoid the difficulty
experienced in the Indoor teasts (see parc. 5,2) where the 500 7L
ratio control was wrongly set, the maximum potential was applied
to the plate and the rntio control set so that the mill potential
was exactly half the plate potential. Using a negative instead
of a positive potential gave exactly the same setting, showing
the co.,rectness of' the setting.

The "dead zone" of the Brown Recorder, i.e. the minimum
change in potential gradient required to produce a correspondingchange in mill potential wns found, as expected from the 6 v

steps, to be 1 3 v, when the potential gradient was over 100 v/ .-
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Because of the tail off in amplified response the dead zone
in the region of zero potential gradients is 25 v/.

When the colibration curve was drawn it was found to
consist of straight line portions .giving intercepts of ± 90
+ v/m and a curved portion passing. th-rough the ori in. The
test plates were similarly set up on either side of the second
mill, in order to set the ratio control.

For regular calibrations perio licelly, a small c.Aibrating -
plate was constructed from aluminium to fit closely over the
top or bottom of ench double mill in such 3 way that it was
parallel to the mill vines at a distance of 3 am. from the sxrtor. -
The potential for this plate was supplied from bntteries fixed to 6
its outer surface, so that a potential cradient between 1 600 v/m
could be applied in 50 v/m steps. Calibrations were made of
both outputs of each mill from November 1957 to Mly 1958 at
monthly intervals. One such calibration, that of the upper
output of the upper mill, is shown in Fig. 21; apart from a .
zero output, this Is identic1 to ± I mm. with the calibration
curve obtained from the tio large plites, with the same falling--.
off of sensitivity at low potentil 1radients to be ascribed
to the behaviour of the Germanium rectifier (para. 5"4).

The zero output is probably mninly to be ascribed to the
cluminium plate, since when this was replaced by c steel plate
the zero cutput altered from 15 v/m to 2 v/n. A graph of
monthly me'surements of the zero output is .iven in Fig. 22;
the two outputs from the same mill remained identical and it is
difficult to understnnd Why there should be the differences
betwcen the two mills.

The upper mill was placed outdoors in June 1958 in a "I m" ,
position, and the other mill in Jeptember. During the time
when only one mill was operating, the potentinl-grclient record-
ing walvanometers hed not yet been installed, but on several
occasions chart recordings were ti.ken ind the vrlues compared
wvith a conventionr.,l field mill situated in the plne of the
erth's surface at RC (Fig. 20). A typicnl fine-weather
recording is reproduced in Fia. 23 where the agreement between
the potcntial gradient at the ground and that culculnted from
the potential at 85 cm is quite wood, considering that the two
instruments are 13 mi. fpert. The mean potential gradient up
to 85 cm is lower, on the average, than the potetntial gradient.
at the ground; this gave an .vernae space ci!,r.e of + 110 we./m,
with an overage potential wradient at the ground of + 91"6 v/rn.

A recording mode in light steady rain is shown in Fig. 24,
with a negative potential -rndient, high .r thnn in the last case.
Here, agaig, n positive pspcc charge of nn average value of
+ 50 pj4' is found. During this period, measurements ,rere
made of the r-in currcnt at RC showing an sverage positive rain
current with r maximum between 11 57 and 12.08, when the space
charge was also positive and negative values after 12.35 whenS L-[ the space charge was also negative.

_-i. 7 .
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6*iL Behaviour In Rain*
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The field mills behaved well even in the strongest rain ,
though the cutput became a little "grassy" due to splashing on
the vanes, However, in two ways, rain caused trouble.

The Tufnol Insulating bars for the mill girder sometimes
collected sufficient water on their surfaces to short the
girders to ecrth through the junction box covers, which are
mounted on the.e Insulitors. This effect became apparent
immedistely by the Brown Recorders suddenly becoming unstable,
due to the reduction .if the time constnnt. The situation wi8 s
restored to no l simply by wiping the surface moisture off
the insulators.

Large charged drops of water falling from the upper
nill impinged directly on the tpper vanes of the lower mill,
giving such a shock to the Brown Recorder that it required up
to 10 see. to return to its balance point. In medium or
strong winds, this effect does not occur, as the drops are
blown clear, but with light winds end heavy rain a balance
point was sometimes impossible for the lower mild. A
temporary cure could be affected by pushing the upper mill to
one side, but It would soon return to its normal position and
the difficulty would recur; in these circumstances, recording -.
would be abandoned. This effect might perhaps be removed by
offsetting one will with respect to the other along the girder
length.

6 '.. Uecordin, Procedure and Record Analysts.

At the cousencement of a recording session a five-minute
running period was allowed for the paper in the camera to
tighten and settle down to a uniform speed. During this

period, the mill insulators were checked by observing the rise
* in potential of each mill when 600 volts was applied to the

Brown Recorder slide. 7ne sign of the potential gradient was
established either by reference to the agrimeter or by
switchirg on the Brown Recorder and noting the direction of
drive 61 the slide, If it showed no tendency to drive upwards
with either positive or negitive voltage on the slide wire, and
could be set in any position, then the potentiel gradient was
less then 25 v/r Lwith the Input selector at Y2 J and recording
was abandoned.

When the two Brown Recorders were balancing, a value of
• the input selpetor for each mill was chosen to Hive a

reasonable dexliection of the potentisl-aradient galvanometer;
the ialvanometer sensitivity adjustment-vas seldom used,,
remaining at "LoW" for the majority of recordings; the Brown

r Recorder stnsitivity was then adjusted such that the slide was
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Just below the point of respouding to potential-gradient
- changes of the order of period of 2 sec.

After completion of these checks, the time of the next
t? min. extinction of the fogging lamp was noted, together with

e sign of the potential gradient on each Brown Recorder chart,
end the record considered to begin at this point. During the
whole reccrding, note was taken of the strength and direction
of the w-'nd, times of change of sign of potential gradient,
precipitation details and the state of overhead cloud.

We have already discussed (para. 5-.4) how timing and zeroes
are indicated both on the Brown Recorder and photographic
records. The thickness of the photographic trace is about

m/2 mm, and measurements were made to the nearest mm, corres-
ponding to 1%Y for an input selector value of "i" and "Low"
-galvanometer sensitivity. On the Brown Recorder, no advantage
accrues from any uttempt to rend to better than t 3 v, since
this is the "step" change. To distinauish between upper and
lower mill traces on the photographic recording, the galvanometer
zeroes were set 1 cm apart and, in addition, the upper mill
galvanometer lamp was slightly offset to give a fainter trace.

There is a choice of 3 methods of reading off values from
the traces:

(1) Values at "maJor features", e.g. maxima and minima,
(2) Average values over minute intervals,

(3) Instantaneous values at minute intervals.

The first method would, in some cases, give very few readings.
The second method is difficult to &pply when there are rapid
fluctuations. The third method, though sometimes missing rapid
potential-gradient changes, is simpler a.d probably more accurate,
and this was used in analysis.

From the analysis of a reccrd, it is possible to obtain,
at each minute, the potential at each mill, the pokential gradient
at each mill and, from thc agrimeter record, the potential
gradient at the ground. From these reedinvs, it is possible to
aet the avrraw spice charve between the two mills from the
potential -radients; a che-k u-ing mill potentials usually
e.rtrcd to w;ithln ,0 iLpc/mJ. The avcrage space charge below
the lower mill can be found from the lower mill potential
gradient and potential, or from the mill potential gradient and
agrimeter reading; these two results do not always agree
because: fl) the effective sampling height is different,
(2) there is a horizontal separation of 14 m and (3) the
agrimeter has a long response time.
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BAPTER VII APPAPATUS FOR F L TION

7.1. ADD ratus.

With apparatus in operation to measure the space charge
from the potential-gradient char.ge, it was thougt desirable
to construct, also, apparatus to measure the space charge
directly, so that a comparison could be made. If suitably
constructed, the latter apparatus would not record the actual
charge on the precipitation, but this would be included in the
results from the change of potential gradient.

An Obolensky-type filter was constructed along the same
lines as that made by KiUnman ( es). This consisted of an
insulated brass cylinder packed .ghtly With fine steel wool and
effectively screened from any effects of variation in potential
gradient by enclosing the cylinder inside a brass box. The
air inlet was shielded to prevent any possibility of precipita-
tion entering the inlet or splashing in the near vicinity to
give apurious effects.

Air was drawn through the filter by a motor driving an old
"Hoover" fan unit; this motor was driven by the mains through
a "Variac", enabling the air speed to be varied up to 0.6 litres/
see. The auction motor was connected to the air filter by
6 m. of flexible rubber hose and a reservoir interposed between
the two to smooth out smAll changes in the rate cf air flow,
caused by short-period variations in mains voltage. The purpose
of using the long length of hose was to enable the auction motor
to be moved dow-n-wind of the filter, ensuring that the air
expelled from the motor would not re-enter the filter, nor would
the latter pick up any charges which might be generated at the
motor brushes. To eliminate variations in air flow which might
arise from changes in wind speed, the motor outlet and filter
inlet were made to face in the same direction.

For the measurement of the charge collected by the filter *.

an EKCO Vibratina Reed Electrometer (VRE) Type N 572 was used.
To avoid piezo-electric effects, the "Head Unit" was bolted tc ""
the screening case of the filter and direct rigid connectiol,
was made from the collecting cylinder to the injut terminal.
With the input resistor of 1012 ohms, the electrometer on its
most sensitive ran.e hs a sensitivity of 0"03 i for a full-
scale deflection.

After calibration and testing had betn carried out in the
laboratory, the filer rss mounted at ?.A (ig. 2e) at a distance

t of 5 m. horizontally from the double field mills. The air
inlet was set facing west at a height of 65 cm. shove the
ground; this made the highest point of the apparatus 80 cm.
above the ground. Applying Benndorf's critericn (see pars.
4.2), this apparatus affects the potential gradient at the
double mills by less then 1%.

j, °"
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7-2. Calibration and Testing.

For the purpose of recording the VRE output, a Nivoc
Suspension type galvanometer W3 set up to give a photographic
trace on the camera. The galvanometer was arranged to give a
full-scale deflection of 12 c=. for a current to the VRE of
0-02 ppqa

For testing, the filter was set up inside a small room,with the suction motor outside, connected by the rubber hose to
the filter; this precluded any air already sucked through from
being drawn Into the filter again.

A V' anemometer was mounted close to the filter inlet and
a calibration curve obtained of the air flow through the filter
against the setti.,- .of the Varlac, which controls t'he 'voltage
and hence the speed of the moto:-. The results, verified on
3 occasions, are shown in i . 25.

After removing the anemoneter, a teat was then made to
relate the air flow and the VRE output. To i,,rovide a constant
space charge, a smouldering piece of string was placed in front
of a fan which produced a uniformly distributed smoke cloud in
the room; the door was left slightly open so that the concen-
tration of the smoke remetned constant. It was verified by
5 minutes running at the same air flow and by repeating he
measurement 10 minutes later, that the space charge remained the
same. The linear variation of VPR output with air flow is
shown in Fig. 2u. The corresponding space charge is
+ 110 PO,

In order to obtain a zero read-ag for the filter, the
s'nction motor was switched off and -it was verified that this
agreed with the-WRE zero "

I

i-:;p

rI

! 11 , "i l" a' " ' . .. . . . -".. ." . . -- - ' -- _ '



29. 1
CHAPTER VIII, RESULTS IN; FAIR WEATHI

8.1. Introduction

Fair weather is defined as comprising periods during which t
n: precipitation reched the ground nnd during which the
petential gradient remnined within the range 0 - +400 v/n.
Thic last condition exclud.d cnses of mist and fog.

In many cases, the potential gradient traces shcwed
variationc corresponding to 10 - 20 v/m in a few seconds. In
taking values at minute intervals, the mean of such variations
was taken, involvin. a possible error of 1 2 v/m, which would be
much reduced on taking statistical averages.

If Pu and PL are the potential gradients at the upper and

lower mills respectively, then -the mean value of the space charge
over the height range h is given by:

L PI )

This value is referred to as Pl- 3 or i1 , according as

the height of the upper mill Is 3 m or 5 m (nonlly), that of
the lower mill remaining at 1 m (nominally). The actual
heights are 15 cm. lower than the nominal heights.

In a .f e' cases, the space charge between the around and
the lower mill was obtained, either by using potential gradient
values from the lower mill and the aortmeter or by using both
the potential gradient and the potential of the lover mill.
These values are referred to as P.-I with the instruments

referred to if necessary.

In d113cussinv results, the actual records will not, in
general, be reproduced because of the difficulty of interpreting
thein simply at siaht. Instead, the calculated valts of apace

charge are plotted, to.yether witL the average potential gradient
close to the ground, ootained from the balbncing potential of
the lower mill.

Ir

8,2. Effects of Wind S .ed and itirection.

In fair weather conditions, unless the wind speed is
extremely low, space charges, even on srull ions, are trens-
ported more by the wind thar by electrical effects. It is
therefore reoson'ible to expect that the space charges will
pass overhead wi th the wind velocity cnd therefore that their
effects will increase in frequency and poesibly also in
amplitude ith increasing wind speed.

I \.- - ~ ~ ~ ~ ~..~ ~ -L
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Such effects cin be clearly seen by compering Fia. 27 and
Fig*. 26. which are actuel records of two potential gradient
traces. Fir. 27 was taken in fine sunny conditions ,ith clear
sky and a li.ht "4ejterly -mind o" less than i n/see° velocity.
On #'e cth%.r hand, F'i'. 28 was taken whtn c certain amount of
cumulus cloud vs prescnt and the -wind speed was about 5 w/sec.
The difference in fre'.uency end amplitude of the fluctuations
is very app-rent. Cslculatinq the space charge variations
cerrespondita to th-se fluctuations, results Fve for g.o 27
an 3versr9 .qlu of 10 I4Ac/ma and for Flo.. 28 .40 i~m .
Such fluctuations n. y .ive rise to differences between the
reoin.-s obtained frv different :pparstus a shcrt distance -pnrt,
e.,° th Insta~ntaneous reading of tOe 3,:rimeter might differ from
that of thz field mills by 6 v/m.

A total of six fnir .e.ther recordings was nwde, five with
westerly wind- and onc -It!, wind frorl the north. frecord V
shows 1-ert of the cn:l,, of the northerly :iind Rnd Record XVI
a typical exafrrle of acatrly -ind. Bolh records.coyer rou:-hly
the s9me time of d-y at.d in both cases the -ky was cloudless.
For Record V, the evertie value ef the srace charge *.%a
+ 66.9 .4c/r3 und for Record XVI - 5'87 'c/tn. The explanation
of this rhenornenon Is that Durha:. City lies to the north of the
site ani the source of the poiitive chsrpre is the smoke
orl.-incting rminly from dcmetie fires.

8.3. -% ticn Aith Potential Gradlent.

In the portion c. .ecori XVI shotwn, and also less frequently
in D~ecrd V, there. art. fluctu:aticns in '.ace charce 'vitb corres-
pondinr fletuatons In jotentlnl radient over periods of one
or two ,inutes. O, r Thn,:c" tiwes, however, there is not a
si,.ili 3..re rcent; for example, Record XVI shows a gtneral
decrease in i-p:ce char"-. "hilu th- potentisl kradient remains
generally the sse-, --rd in some e:,ses there is a "mirror wr.awe"
effect between lp-c. char;,e rnd lot.ntial rradiept for flctua-
tions over Ion-c.r I.ricis, of* the order of 10 mins. ?ig. 30

A, shows tht analyai o," tryn record reproduced in Fii. 27 and
illustrctes the "-.rrcr itr.i.-c" effect*

The "m.irror .--" ,,ffect cnn L.. accounted rfor in ter'fs
of chrrres lassin.- ,.oy, the ";ho) -pprstus. 11' 3 positive
chorre pscces abov-r tha si.jrtus. then It produces en increase
ii. p otential .-r-dlent st both 'illv, but this increcse In
nrciter at the urir -ili thor . the lo';(r rrill, so that thL.e

4 is an .;prenrt sr;ctv- .r charr.t het-cer, the mills; if
this had been 3 truie ro-, t iv,.- sr-ce c1,tr',- bet'-,en the rills,
then there ,,ul," hove tj-: a ,*.crelze in ;.he reain: or the
lower rll.

'" I.
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VYsIn;7 all the records In fnir weat'her !and plottin; space t

char.,e and potentiaxl zradient for all 1O--inute averazes, and
also-aversaes for ech recor:d, Pi- 31 is &itnined, showing a
general tendency tcr a decrease in space cIharge with an ini'rease
in potential .,radient, It is 3180 to be noted that, exce4 ; for
Record V, the sp~are chari-e is found to be nexative nnd in the
case of Record V the yositive chbirge iz ascribed to wind directions

6-.4. !EI'Icct tn" Rc1ucticrs Factor.

The re~ult, Indie-sted bY ?J17. 31, 'nir -z nd.-stive space chaee,
increasing with increa:*in potentini sorndi- nt, could hc. .Cccounted
f,)r as a spurious effect If tiie two rdl-_s had dif'ervcnt valuer,
irf the "reduction fsctror". Such a difl'-rence rnl:-ht arise cit~icr
from fLT error in the c-illbration of' one er. othcr m ill, or fromn a

'S. true difference in txrporaire,

*f I1 -rlttive to the uvl-'er 71,11, thc- loicr mill has a reduction
factor it, then

RFL F U

givea the truje value of p ,While:

F=

Isl the vulue r- Inlieted by n.;'lectir,?- R.

a) L

rives a S-tr3ifht linj relstin' ;j)'i r.d FL w-th P, nesn'tive slope.

11zin7" thae vil-ie3 f rom Fi.-. I1, to .-court for the line-,,
R = 112. -yoci' br reqrtilro.d thc tr-.ie ~lj.or f, would be

g~o i.a/uM Ihit -xrl mnk- the tru. f ~..:'.-ce t-.~-;eEb VL on4
7 43 V/rn, %.hich is ccrt-Arly incorruct. Al:- it is ljit'-.LC
itrostible th'at Rt bb :lj bt. -jz /-r-;A .: I <Z- I' cir, be cr'ri-
clud-. tbst th-e r,.lsti~r. Lt*.ien r-nd F I:: not 11- bt. ;ccourtedj
for In term~s of M~i'icticr fctrr.

V
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8.5. Effect ot Radioactivity.

If the negative space charge between I and 3 metres Is
a real space charge, uot a spurious effect, and if it can be
considered as secondary space charge, in the term3 of the
definition of pars. 2-1, then we can see from the results of
para. 2.2 that it can be ascribed to the conductivity being

. greater at I m than at 3 m. It therefore remains to consider
* how such a difference in conductivity might arise.

It has ilready been pointed out (pnra. 2.5) that, the absence
of the electrode effect may be associated with the effects of.
radioactive substances in the earth's crust, a and 0 rays
from these substances produce ionization close to the earth's
surface and so give an increased conductivity, which is not
confined to the region in which the ions are produced but which
extends upwards; since the negative ions, -hich move upwards in
the normal positive potential g.adient, can appreciably affect
the conductivity only as long as they remain sall ions, it
follows that the enhanced conductivity must fall off with
increasing height since the number of ions %ihich remain small
ions is less the farther they have to travel. Thus the effect
of radioactivity is to give a contribution to the conductivity
which decreases from i m to 3 m. Under normal conditions, the
mean life of n smi-ll ion in the lower atmosphere is about
40 seconds; thus, if the potentinl aradient is 100 v/m, & Small
ion -of mobility about 1.5 c.g.s. units will, on the -vernge
-r.vel 60 cm. Thus n fraction of the iQns will reach 85 cm
thc true level of the nominal "1 metre"J but very few reach

285 cm. Further, it is clear that the rreeter is the potential
_radient the gre.ter is the nvcrnae trr.vel of the ions and thusthe larger the frction that rach 85 cm. We thus see that the
effect of radio.ctivity can ccount quite si-ply for the
relation between space charge in the revion 1-3 w and potential
gradient, ss sho'.n by Fi. 31. The result, from Fie. 31, that
for zero Potential -ridient there -would be n positive space
charge, suggests that when ionization due to radioactivity does

S not reach the levels concerned, there is a "nitural" positive
space chnrge.

The effect described ;r:d explained -ibove is also shown in I.

more detail in Flo. 30, where th. tirn lags of 2 minutes between
potential gredient mxima and sp-.ce charge maxima are in airee-
ment with what might be expected from the effect of rndio-
3ctivity. Record XII also shows the ss:me effect over the
earlier pert of the record. Record XXXVIII shows negativo
space charge for lower poterntial .rrndients than vould be
vxpected from Fi. 31; this may be accounted for by the fact
that heavy rain, which fell prior to this recording, Ytill have
"washed out" lnr.7e ions and nuclei ,-nd ".1ll therefore have
increased t..- nverage life of smoll jons.

• ' --' -- : ". = .. l~l l t ! l~ ' , N 'w :, 
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The argument .boye, that the greater the potential
gradient, the greater the negrtive space charge observed
from I to 3 metres, e.n be extended to suggest that, at
the same time there will be a smaller negative space charge
from 0 to 1 metres. In the Record XXXVIII (afternobn A),
there is included the space ch r e below the lower mill
obtained by comparison of the potential gradients measured
by the lower mill 2d by the :Frimeter. The expected
parallelism betqeen the traces is, in general, to be noticed.

8.. Cattyriggn wvith Filtration-ResUlts.

The air intnkc of the filt~ction nppnratus is at 65 cm..
height, so, for a fAir comparison it would be necessary to
find the space cher!o at this level from the field mills.
If it can be asuwred that the potential gradient changes
fairly uniformly from the around up to the level of the lower
mill at 85 cm, then twasurem.-rit of the potential of the love,
mill gives a value of the potential grad'ent at 42.5 cm; t.

measurement of the potentit.l (rrsdient at the lower mill is
that at 85 cm, nd so the space charge frcn these two results I
is that centred about 63.75 cm. Therefore a comparison of
the results of the filtration apparatus can be compared fairly
with the value of spuce charge deduced from the potential and
potential aradicnt at the first mills If, however, the
negative space cxarge decreases with height, as would be
expected from the effect of rndioactivity, then the results
from the mills should give a grester nerative space charge
thnn.from the filtration apparatus.

Record ILII shown results in rood agreement with
expectation excert between 12.13 ntd 12.36 where the filtration
a paratus shos U"ge fluctuations. However for the Record
WJIII ({fternoon B) the areemnt is far less good, giving

averages of + 81 pc i4L frc- the filtration apparatus and
- 54-9 q/m0 from the "mcasurcrint3 with the mill.

On? of the dind-.int-Per of the filtrmtion method is the
possibility of selective filterinp by reason of bound charges
on the exposed cu.;e of the. filtur. I, a positive potential
gradient, the n..ntLve )-ound charc on ti.e case might repel
neeative ions that *' 41 othcrvize cuter the filter and
-attract. ext" 1poctlvc lon6, ..rd hence produce an apparent
positive space ct.,:rl'e. Thi.; u-i"tct vculd, be much more
evident wit' sam.li ions thin w-.th large ions and might only
bccome serious when conditions :,rf. such thit smll ions are
exceptionally prcdoriln:-int, such as we have alredy suggested
to occur for Stcord XVIII wihrn large ions and nuclei have
been washed out.

The aareement oetween th field mill and filtration
results- in cases such as Record nII suffices to show that
the field mills do, in fact, give the space charge and that
there is no sepious error in the assumption that the lines
of force are vertical at the mills.
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CHAPTER IX. RESULTS IN DISTURBED WEATHER.

9.1. General Results in Rain.

Results have been obtained under various conditions of
r"i i; the first important conclusion is that abnormally large
values of the space charge between i and 5 m 'Li.e. values much
larger than in fine weather] do not occur for light or medium
rain. It appears to require a rate of rainfall of over
0.1 mn/min to produce such effects, presiimably by splashing
at the aarth's surface; it may well be that the critical rate
of rainfall depends on the state of the ground* An example
of results in moderate rain .no rate of rainfall a-ailableJ
is shown in Record XXII. If, however, measurements are made
of the space chari'e below I m, then large values are found
with rates of rainfall over about 0.06 mnVmin, a value again
perhaps depending on the state of the ground. The result
that, the production of space charge by splashing depends on the
rate of rainfall is in agreement with results of Adkins (1958).

Smith (1955) put forward the idea that the nerative
potential gradient usually found during continuous rain might
arise from negative charges rroduced by splashing and subsequent-
ly diffusing upwards. The present recults show that this theory
is not tenable for light or moderate rain.

The earlier part of' Record %XXVIII - mornini A, in which
the rate of rainfall never exceeded .02 mm/min, gave the
following averagc results from 10.20 to 10.50:

1FA = -170 Wc/m
3

/b-1 = - 109 /.'

.- Fg = - 182 v/M

i = + 5.67 p4a/Mr

r = 0.006 mnVin.

Here the discrepancy between r., and PO0 1 gives a rreAter

nevative value for 'AA but, aince the potential rsdient was

negative, the same explanation as in par&. 8.6 may hold, with
reversed signs.

The space charwe of the actual rain cai be estimated if
San average drop speed gen be assumed; if t .- is 3 c'/sec,

then p R = +1 .89 ppc/m5 , which is very smali compared with FA.

For greater precision, a result of Best (1950) can be used:

W = CIr

where W is the liquid water in =3/r', T iu the rate of rainfall

c
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in mm/h n nd C ir a constant equal to 67; r = 0.8146.
From this one can obtains

where I is the rain current.

With the figures above, pR +1.6 Wuz/m 3 .

9.2. Results In Heavy Rain.

Record XXXVIII - morning (on two diagrams to avoid
confusion) shows a period during which there was heavy rain.
In addticn to results with the field mills, observations at
the same time are also available cf rain current and rate of
rainfall.

Although, betveen 11.05 and 11.10, rate of rainfall,
rain current and space charges reached their maximum valuce,
the potential gradient remained fairly small. At I to 5
metres, the space charge never exceeded values that exist in
fair weather conditions, but belcw I metre both the filtration
apparatus and the results from the field mill showed large
values*

In order to explain these results, it can be assumed that
the rain, on reaching the ground, produces negative ions by
splashing. Whereas sori of these negative ions are drawn into
the ground by the negative potential gradient, there are some
which diffuse upvards to heights of less than I m. The rain
current is then positive by reason of the splashing process,
and one cannot be certain what charge was originally oq the
rain; even if the whole rain current of about 20 WL/mv were
on the falling rain this, falling al a few metrcs/seo. would
only give a space carge of 10 p'/mz or less, quite
inappreciable comparnd with the space charge of the ions.
Since the potential gradient is negative, the filtra tion
auprtrUs aies a putiuive i-riue charge anau 5 U=ay
selectively attract towards itself negative ions, giving an
explanatlon of the larger values obtained by the filtration
apparatus. The production of a negative space charge with

) +"the potential gradient negative is in cont.adiction to the
". results of Adkins (1958) who found the chai'ge to be oppositej in sign to the potential gradient; on the other hand, the

* production of negative space charge is in agreement with the5 early results Pf Lenard 1892).

* - . , - - .. ,'-, =. . + -'' -+=' -+5 ,s ,a "
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Record XV is that of a shower, with heavy rain;

unfortunately, neither the rain current nor the rate ofV rainfall was being measured, but it was estimatel that the
rate of rainfall was from 0,2 to 0,3 mq/mn., at its heaviest,
around 10.10. The maximum negative values of space charge
and potential gradient did not appear until several minutes
after the greatest rate of rainfall, and, again* both were
neactive. Since the potential Prdient at i. m. remained in
the region of - 30 v/m, the change in potential gradient at
the ground is due entirely to the space charge below i m.
An interesting feature of this record is that after 10.20,
when the rain had completely ceased, the potential gradient
at the ground became positive, but a negative space charge
now appeared at i - 3 m; this, presumably, was some of the
charge previously below im nnd now moving upwards by diffuelon.
and in the field.

9.3. --- Results in Snow.

Record XIX A and B is typical of results in snow, with
heavy snowfall up to 12.00 and ceasing completely by 12-10.
The heaviest snowfall occurred at times corresponding to peaks
in the records, at 10.55, 11.10, 11.24 and 11.44; unfortunately
some of these coincided with accidental breaks in some of the
records Lrepair of mill ".ivinz belt, reloading of camera].

The negative space charge found is comparable with that In
heavy rain; however, since the snow csiries a ner'ative charge
and falls slowly, it may well be that some of the space charge
is that on the snow itself. If it is assumed that tLe snow
falls at a rate of 0.2 q/sec, thep, at about 1.10, when the
snow current was about - 60 p /Mz, the space cherge on the
snow would only be - 300 Wic/mJ, whie the total spsea.e charge
amount3 to - 400 pJc/mn); at other jimee, tOf I.crepancy' ts
greater, showing that often there must be nugative opcce charge
other than on the precipitation; thi. In opentualky true at
the end of the snowfall at 12.00 hours..

The results miwht be exlained If the snow cotiteins small,
neo'tively charged, particles "ft-h a t &.,L --V wn

give an appreciable spnce char;.e. "!a, would oaree with the
persistence of negative space chnrge -fter the end of the
snowfall, but not so well with the coincidence in time of the
maxims of snow current and space charge at 11.10 and 11"45.
The rise of space charge to positive vzlues ifter the snow
current maxima might be accounted for by positive charges
liberated by the impact of the snow on the ground and diffusing
upwards.
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t as t previous

potve sed abelt rear i f the as me type as the previous

areordtve XIisifutt give nohre aeo snosfctr r e plats;
th on otion of the recrd(bokn n woplce b

t irstrd, But in afternoon, conditions are different;

• • erio first, the apprts as i prtioeso urn, bur ecr e rize
p~sowsrslstential durnga etmit with negibtlve abouti;e ¢ t'

20terdfo while we have the normal snow-conditions o
shwinegt sicurrent s hnd ntive potential grad.nt, but ad
ts e m space chare ; in the last period, ia. three quantities,.. er poitie. It is d fcutto give a satisfactory explana-,.

ascrid to Pphenotmen. t

s 9.,i Results i t ist.

bc o s or very thick mist a ccursed in Durham du n the
period when the apparatus was in operation, bu Recordishows results obtained dunn a wet mist with vtsibtly abt'ut

20din yad Thngesear in he aer pangrt enf ths reor

showin positive space charge and neative rotential gradient;"-- this may be the same efie¢ as that ?'ot. in fair weather and
r-.- ascribed to radioootivity L see pars, 8.5 J, but with reversed -
"" sign. The conductivity in mist is lower than in clear air,f'"i ' ' . because the small ions attach themselves readily to the water

droplets, hence the time lags between changes in potential
.,, gradient and changes in apace charge are longer, -nd this is
:-" enhanced by the low otentiol gradient.

. °.

-" "
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K 10.1. Rlesu1lte Achieved., :"

The most Important result achieved Is that it has been -
found possible to use a double field mill as a collector,
which attains the potential of its surroundings, as does any
ordinary collector. The double field mill does more than

°" this, it not only rivem a record of the potential at its
position, it also gives recordings for the potential gradient.
As compared with for example, a radioactive collector the
double field mili does not disturb the electrical conditions

in its neighbourhood,

The use of two double field mills to give the space
charge in a region Is an advance on other potential gradient
methods, since'there is no disturbance of natural electrical L%%
conditions, The method of measuring space charge from
potential gradionts cannot be as sensitive as other methods,
since .it depends upon the rather small difference of two
potential gradients, but, as the present work has shown, there
seem to be inaccuracies In apparatus, such !.s the filtration
appaatus used, when small ions are present in quantity.

The aotaal records discussed must be considered to be 3ust -
a preliminary sample of what could be obtained if the apparatu
were put into use, with some of the improvements to be .- oeste4
for a period of years. With an extensive series of reau t .a
it might be possible to confirm or disprove some of the
explanations suggested hcve

-' 10-2. Imrovements to &W~artusL

Some improvement in the driving belts is necessary; the
plastic belts snapped, on an average, every two hours. A
leather belt might be an improvement, but might stretch and
might be too highly conducting in wet weather.

A pulley arrangement for more rapid alteration of heights
would be an advantage.

The manual reversal of the mill potential whenever the
potential gradient changes sign is unsatisfactory, and It
should not be too difficult to arrange an automatic device
which would reverse the slide voltage when the slide was driven
to zero and remsir.ed there for, say, 30 seconds.j

A
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10.3. Future Develment

In addition to the continuation of recordlie *U the
same basis as reported here, the use of a double field mill -
to bring apparatus to the potential of :Lie aurrnaings can
have other applications in atmospheric eleotrtetro

One of the Interestinff possibilities is that of the
measurement of both polar components of the air-earth currentst levels 3bw6 the L*'u.. If two horizontal tes are set
upt separated by a thin- sheet of insulating mteftel, and putv
by a double field mill at the potential of their vuroundingsq
then each plate.will receive pne polar componen of the air-

earth current, and this can be measuredo The effects of
potential gradient changes could be eliminate& cr corrected for*

Another possibility would 'be to ust the dembe'field mill
to bring to the potential of. its surroundings s c conductors

~as the iuter casino, of the filtration apparatus described in

Chapter VII, and thus remove the surface charges which give riseto the selective filtering discussed in Paa,-. -

* - I r"
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